In the lithium-ion batteries, Li ions usually infiltrate into the anode active material, which usually leads to the formation of Li compounds with expanding volumes. It is well known that the volume strain associated with dilatation/contraction at the intercalation/deintercalation cycles gradually deteriorates the electrode. The intention of this work devoting a simple Li/Sn battery system is to clearly show that such a mechanical strain accompanied by the formation of the Li-Sn compounds causes the following more fundamental phenomena: (i) the electrode potential tends to be lower than the value predicted from the chemical thermodynamics consideration, (ii) the kinetics rate of lithiation or delithiation is significantly retarded (i.e., much slower than expected from the diffusion of Li), and (iii) the electromotive force can be controlled by utilizing the elastic strain actively. Through this paper, we demonstrate the mechanical effects of such mechanical strain or energy on the electrochemical reaction with various experimental supports.
INTRODUCTION
Rechargeable batteries are indispensable for modern society. Lithium-ion battery, LIB, is widely used for mobile electronic devices such as cell phone and laptop, and currently being expected as one of the candidates for powerful energy sources for plug-in hybrid electric vehicles and electric vehicles in future. The capacity of carbon currently used as an active anode material of LIBs is coming to the theoretical value of about 370 Ahkg −1 .
[1] Thus, alternative materials exhibiting a larger capacity have been required for the future applications. Sn and Sn-based alloys or their composites have attracted much interest as one of the high capacity anode materials. [2] [3] [4] [5] Sn forms several kinds of compounds with Li, and Li 22 Sn 5 is the highest composition among the Sn-Li compounds, whose theoretical capacity is estimated to be about 990 Ahkg −1 , thus greatly exceeding that of carbon. [6] As seen in Table I , for example, the volume of Li 22 Sn 5 per Sn atom is about three times as large as that of Sn. [6, 7] It is, however, well known that with increase in cycles, Sn anodes in LIBs are markedly deteriorated by the large volume changes accompanied by the lithiation and delithiation processes, and thus, it cannot be alternative for carbon at present.
Despite the extensive works on Sn anode in LIBs, the influence of such volume change to the cell voltage or the formation kinetics of the lithium compound has not well understood yet. Recently, we have earlier focused on the strain-energy effect on the electrode potential in LIBs so far, [8] because it is just conceivable that the Gibbs free energy of formation would be significantly affected by the elastic strain due to the Li-compound formations. For example, when Li 2 Sn 5 is formed with Li inserted into a pure Sn, it is easy to imagine that the accompanying volume expansion should be a barrier of the compound formation, so that the electrode potential or electromotive force is considered to be changed by the strain energy. Similarly, Cheng and Verbrugge [9, 10] also have discussed the strain effect on the electrochemical reaction. Thus, the strain-stress effect comes to be a fundamental issue to be considered in the intercalation battery system. In this study, we systematically demonstrate several experimental facts with some theoretical prevision of how the volume change associated with the formation of Li-Sn compounds affects the electrode potential and kinetics of the Li-compound formation, and discuss such mechanical influences to electrochemical reactions of LIBs in terms of the Gibbs energy and elastic-strain energy.
EXPECTED STRAIN-ENERGY CONTRIBUTION TO ELECTRODE POTENTIAL
Let us first estimate the strain energy accompanied by the Li-compound formation and discuss the effects on the electrode potential in the lithiation process. The physical properties used in the present estimation are taken from literature [8, 11] . As shown in other previous papers [12, 13] , the elastic-strain energy can be estimated with the aid of micromechanics theory [14] based on Eshelby's ellipsoidal inclusion theory [15] .
In the present calculation, we assume that an isolated spherical inclusion of the Sn-Li compound is formed in a Sn (or Sn-Li) matrix. The elastic strain inside inclusion is given by = γ − * , where γ and * are the total strain and eigenstrain (stress-free transformation strain), respectively. Here, * represents an average eigenstrain determined from the volume per one mole of Sn atom in the Li-Sn compound, whose components can be approximately given by * ij = (
where δ ij is the Kronecker delta, Ω denotes the volume of the each phase including one mole of Sn atoms (hereafter, termed as molar volume), and subscripts "M" and "I" denote the matrix and inclusion, respectively. The values of * are listed in Table I . When the spherical inclusion has a constant eigenstrain, * , the elastic-strain energy U s of the system including an isolated inclusion with molar volume Ω is given by
where S klmn is the Eshelby tensor (see Refs. [14, 15] for details), C ijkl denotes the fourth-rank elastic constant tensors of matrix (for example, C 1111 = c 11 , C 1122 = c 12 , C 2323 = c 44 , etc), and the polycrystalline isotropic elastic constants of β-Sn (c 11 = 111 GPa, c 44 = 42.6 GPa) are used for all the present calculations. Actually, the homogeneous elastic constants with spherical eigenstrains such as those in Eq. (1) assure that the strain energy does not depend on the shape of the inclusion, and the elastic stress and strain energy is briefly expressed as
where * v = 3 * , B is the bulk modulus, ν is Poisson's ratio of the matrix, and S I and S II are the Eshelby tensors.
In case of considering the Li/Sn cell shown in Fig. 1(a) , the anode, cathode and total reactions are expressed as
Cathode : xLi + + Li y Sn + xe − = Li x+y Sn (7) Total : xLi + Li y Sn = Li x+y Sn (8) As intuitively understood from the figure, the elastic constraint associated with the Li-compound formation having a larger molar volume becomes significant when it is formed inside the (Sn or Li y Sn) matrix. In this case, the driving force of the total cell reaction is inevitably reduced by the strain energy illustrated in Fig. 1(b) . Under such an elastically constrained condition, the electrode potential E total can be written as
where ΔG chem (< 0) is the Gibbs free energy of the formation per one mole of Sn in Eq. (8) and a series of data can be taken from Ref. [16] , F is the Faraday constant, the value of n is 2/5 for the first lithiation reaction, and 3/5 for the second reaction, etc, and ΔE (> 0) is the potential drop. The strain energy U s and the value of the potential drop ΔE are also shown in Table I for all the reactions. It is seen in Table I that the electrode potential (open circuit voltage: OCV) is significantly reduced by the strain energy. As will be understood later, it is also noted that the elastic strain induced by the formation of the Li-Sn compound is much larger than the tensile strength of Sn matrix. It is thus considered that, in the actual electrode, the matrix around the compound is always under the creep deformation and releases the strain.
EXPERIMENTAL
We prepared simple Li/Sn cells, consisting of Sn "positive electrode" and Li "negative electrode" for the electrodes and for an electrolyte, 1M LiPF 6 in a solution of 33% ethylene carbonate and 67% dimethyl carbonate. The cells were assembled in an argon-filled glove box and all charge-discharge experiments were performed at room temperature. In the present experiments, various shapes of Sn electrodes were used. The typical shape of bulk Sn used here is disc-like of about 30 μm in thickness and 16 mm in diameter. Before the tests, all the cells were partially discharged (i.e., the Sn electrode is firstly lithiated) to a small amount of Li by passing current, to remove Sn oxides near the surface. In the present experiments, the maximum discharge (lithiation) rate was about 25 Am −2 (2.5 mA/cm 2 ), and most of lithiation/detlithiation process were done below 0.6 Am −2 (0.06 mA/cm 2 ). The main focus of the present experiments was on the OCV values and their elapsed-time dependence for various types of cells, because the electrode potential in the open circuit condition corresponds to the equilibrium value excluding the other effects, such as IR drop, which enables us to observe the Li-compound formation in the Sn matrix under elastically constraint condition and discuss the formation kinetics affected by the elastic strain during the lithiation and delithiation processes.
RESULTS
The rest-time (hereafter, abbreviated to "RT") dependencies of the OCV values at various amounts of discharge (with varying p) are presented in Fig. 2 . Interestingly, it is seen that the OCV values recover with RT in spite of the open circuit condition, which indicates that the internal structure of the electrode material changes with RT. We can see two plateaus at about 0.53 and 0.66 V in the OCV-RT curves, in which the OCV values at the first and second plateaus are almost the same, irrespective of the amounts of discharge. The appearance of the second plateau is clearly retarded with increase in the amount of discharge. When p > 0.4, the second plateau could not be detected within the present experimental time of 30 hours. When p was less than 0.4 in Fig. 2 , the (Sn) positive electrode was supposed to be in the two-phase region of Sn and Li 2 Sn 5 , and the OCV value at the second plateau must be 0.777 V (vs. Li + /Li) obtained thermodynamically. However, the present OCV value (0.66 V) in the second plateau is considerably lower than the thermodynamic value. Even when p = 0.23 (< 0.4), x-ray diffraction profiles in Fig. 2(b) shows the presence of LiSn (p = 1) with higher Li composition. Thus, LiSn (p = 1) is formed, even though the amount of lithiation is only 10-50 Ahkg −1 (p < 0.4) far below than 226 Ahkg −1 (p = 1) for the formation of LiSn. Namely, the Li rich phase such as LiSn, which may be likely to be formed near the surface, gradually vanishes due to the diffusion of Li into the inner side, and the electrode would eventually be occupied with Sn and Li 2 Sn 5 in the equilibrium state. By considering this, the first and second plateaus may correspond to the OCV values in the LiSn/Li 7 Sn 3 equilibrium and in the Li 2 Sn 5 /LiSn equilibrium, respectively. Nevertheless, the experimental OCV value about 0.66 V in the second plateau is still less than the thermodynamic value (0.69 V), which is considered due to the strain energy effect.
In order to make sure the strain-energy effects on OCV more clearly, we have investigated OCV in the higher lithiation stages. Figure 3(a) shows the OCV-RT curves at relatively large p values. Obviously, the OCV values for p > 2.3 are lower than the minimum value for the formation of Li 22 Sn 5 . Since there is no Li compound that possesses the Li composition higher than Li 22 Sn 5 , we cannot attribute these lower values to the compound formation of the higher Li concentration. Thus, it is strongly suggested that this lowered OCV is caused by the strain energy effect. The recovery or increase of OCV with RT means creep deformation or destruction of the matrix of the active material. Figure 3 Moreover, we have further checked the depth dependence of the electromotive force at a very small current I = 0.001 mA. Figure 4 shows that the cell voltage gradually decreases with time, despite the fact that the activity of Li should be constant in the two-phase (Sn/Li 2 Sn 5 ) region. As seen in the inset, this can be understood by considering that the strain energy should be enlarged as the infiltration depth of lithium increases, which is discussed more in detail later.
In the case where the active materials are nanoparticles, the strain energy is easily released in comparison with the bulk samples. In order to see the difference between nanoparticles and bulk samples, we have prepared the Sn nanoparticles on the Cu substrate by the high-vacuum sputtering method and measured the OCV values in the same way. Figure 5 shows the OCV-RT curves obtained for the thin film cathodes of 50 nm and 100 nm in thickness (Sn nanoparticles are naturally formed on the Cu substrate in the initial stage; see the SEM micrographs). The stationary OCV values are very consistent with the values estimated thermodynamically, whose values are indeed found to be higher than those observed in the bulk Sn. Furthermore, the characteristic features of nanoparticles of Sn are (i) the duration (100-400 minutes) needed for the equilibrium of Sn/Li 2 Sn 5 is much shorter than the bulk Sn; compare with Fig. 2 . Thus, as easily foreseen, the strain energy can be released in the case of nanostructured electrode materials.
Next, we try to show an enhanced strain effect by using Sn embedded in the lotus-type porous Cu [17, 18] , that is, by using the Sn-fibered and Cu-matrix composite as a cathode. In Table I , we foresee, as a perspective value, the negative OCV value (E total = −0.039 V) for the formation of Li 7 Sn 3 , which indicates that the Li atoms (ions) cannot be inserted without any deformation of the matrix with the quite high barrier of strain energy against the compound formation. The Sn matrix is fundamentally soft in mechanical viewpoint, so that deformation can easily take place. However, this is not the case for the Cu matrix; the Cu matrix itself is elastically and plastically much harder than Sn. Namely, it is considered that the creep deformation as observed for pure Sn hardly occurs in this case. Figure 6 shows the current versus time curve measured under the CC-CV (5 mA -0V) condition, and the value of 0 V at the CV mode means the short-circuit condition. The current rapidly decreases with time and vanishes at a certain amount of discharge. It is found that only about 1 % of the total capacity can be lithiated for the composite cathode, despite the fact that full discharge is possible without any interference for pure Sn cathode. As found from the photograph after discharge, we see that the lithiation occurs only in the front side and the back side is still fresh. Thus, when the elastically and plastically harder matrix exists, the lithiation becomes much harder in terms of the release of the elastic strain energy.
Finally, we show the opposite case where the Li anode is squeezed elastically. In the squeezed state, the elastic strain energy is stored in the Li anode, leading to the situation where the activity of Li exceeds 1. Therefore, the OCV value is expected to be higher than that of the usual one. Actually, as seen in Fig. 7 , we have confirmed that the OCV value with the squeezed Li anode is slightly higher than the normal Li anode without any strain. The increase of the OCV value is very subtle, about 1 mV, but the reproducibility of this phenomenon was checked by several times of testing.
DISCUSSION
We have here made several demonstrations that strongly indicate the contribution of the elasticstrain energy to the electrode potential of a Sn electrode in a simple Sn-Li battery system. These intriguing experimental phenomena can be explained by considering the contribution of the elasticstrain energy to the Gibbs free energy of formation.
As shown in Table I , the lowering of the OCV values can be basically understood as the effect of the elastic strain energy. Especially, as shown in Fig. 3 , the significant reduction of the OCV value for p ≈ 4 cannot be explained without the strain effects. In Fig. 2 , even for the second plateau corresponding to the equilibrium of Li 2 Sn 5 /LiSn, the OCV value is less by about 0.02 V than the thermodynamically estimated value. We simply assume that LiSn is formed in the matrix Li 2 Sn 5 . Then, by converting this drop to the strain energy with Eq. (9), it amounts to about 1160 kJmol −1 (58 MJm −3 ) and the hydrostatic pressure of about 1800 MPa is applied to the compound with the large molar volume. Furthermore, the misfit strain (eigenstrain) can be estimated to be 0.022 with Eq. (4), which indicates that most of the strain (about 0.052) is considered to be released by creep in the light of the true eigenstrain of 0.074 (if any relaxation does not occur, the potential drop amounts to 0.235 V as seen in Table I ). Thus, the compound newly formed by the lithiation is considerably subjected to high stress (pressure), and the lithiation is therefore impossible unless the large elastic strain is significantly released by the creep deformation of matrix, which straightforwardly means that the active materials are gradually degraded. Figure 4 is indeed instructive for understanding of the strain-energy effect on the electrode potential, and Fig. 8 may be helpful to understand the result that the cell voltage decreases gradually with increase in the lithiation depth. As easily imagined, the strain energy associated with the Li-compound formation would be accumulated more and more as the front of the Li-compound region (termed here as "phase front") goes forward to the inner side. Therefore, this means that the lowering of the Li activation (i.e., the gain owing to the formation of the Li-compound) is gradually decreasing with increase in the lithiation (discharge) duration, not only in the inner side but even near the surface, from the standpoint of holding the local equilibrium all the time.
The intriguing phenomena caused by the formation of Li-rich compounds (as seen in Fig. 2 ) cannot be explained merely by the diffusion control of Li in Sn matrix, because the time needed for the diffusion distance of about 30 μm (thickness of the anode) of Li atoms is estimated to be about 900 s from the diffusion coefficient of the order 10 −8 cm 2 s −1 [2] , which is found to be far shorter than the time, about 2800 s, required for reaching the composition ratio of Li/Sn = 2/5, estimated from the lithiation rate of 25 Am −2 in the maximum of the present current condition (incidentally, 118400 s for 0.6 Am −2 ). In case where the Li-Sn compounds are formed near the electrode surface, the elastic-strain energy accompanied by the compound formation can be released more easily than the formation inside the active material. Namely, the effect of the strain energy on the free energy of the compound formation becomes larger with the distance from the electrode surface. This situation can be experimentally seen in Fig. 4 . Suppose that the compounds are successively formed along the depth direction in Fig. 9(a) . Even when p < 0.4, at a certain point, the formation of the Li-Sn compound with a higher Li composition (such as LiSn, Li 7 Sn 3 ) near the surface is thermodynamically more favorable than the formation of the Li-Sn compound with less Li inside the active material, because the strain energy of the inside obviously becomes larger than that on near the surface. Thus, the Li-rich compound can be formed, even though the amount of discharge, i.e., lithiation, is considerably less than that needed for the Li-rich compound.
Moreover, we can explain with Fig. 9 (b) the reason why once such a Li-rich compound is formed, it is retained metastably after a long duration (as experimentally seen in Fig. 2) . As mentioned previously, upon the formation of the Li compound the creep deformation of the matrix inevitably occurs, so that the Li compounds are accommodated well in the matrix after the creep. Consequently, Li atoms are quite difficult to be desorbed from the Li-rich compounds, because the volume shrinking is accompanied by this reaction, and negative hydrostatic pressure is applied to the compound, leading to the appearance of the very stable plateaus for the non-equilibrium Li-rich compound. For example, let us consider the case that the metastable plateau for Li 2 Sn 5 /LiSn is retained and it does not change to the plateau for Sn/Li 2 Sn 5 even for p < 0.4. For the shift to the equilibrium, the following
must occur as a total reaction. Then, the Li 2 Sn 5 compound is to be formed both in the Sn and LiSn matrices as shown in Fig. 9(b) . In both cases, the elastic-strain energies are inevitably accompanied by the formations. Table I ), so that the total strain energy associated with the above reaction is about 12.5 kJmol −1 . The total free energy of the above reaction therefore results in the positive value, which means that the above reaction is impossible without any creep deformation to release the strain energy. Thus, the metastable plateau comes to be kept for a duration as long as about 30 h, as seen in Fig. 2 .
Table I strongly indicates that especially the third reaction of lithiation cannot occur without the creep deformation of the matrix from the negative OCV value. The present experiment using the Sn-porous Cu composite cathode strongly supports that the strain energy is possible to play an important role to the lithiation process (Fig. 6) . In that case, since the Cu itself cannot be in the creep deformation, only very small amount of Li can infiltrate into the Sn embedded in the Cu matrix. On the contrary, the squeezed Li can yield a higher OCV than the normal Li without strain (Fig. 7) . According to Eq. (9), the increase of 1 mV corresponds to the strain energy of 38.6 Jmol −1 , from which the elastic strain of Li is estimated to be about 0.8 %, where we used the bulk modulus of Li (11.6 GPa) and the molar volume of Li (12.8 × 10 −6 m 3 mol −1 ). Based on this experimental fact, we can derive a new mechanism to enhance the cell voltage of the lithium ion batteries. By utilizing the compression to Li actively, the strain energy is accumulated in the anode, so that the driving force of the total cell reaction comes to be enlarged, which may provide higher electromotive forces in the lithium ion batteries.
CONCLUSIONS
By using a simple Li-Sn system, we have investigated the effects of the elastic-strain energy accompanied with the Li-compound formation through the lithiation and delithiation process. It has been revealed that the elastic strain associated with the formation of a new phase accompanying a volume change causes the formation of the Li-rich compound and affects the value of the electrode potential considerably. Through the present experiments, we have obtained the following results.
1. The OCV values change in spite of the open circuit condition, but in the case of bulk Sn the OCV value hardly reaches the equilibrium value (in Fig. 2 , the OCV was supposed to reach about 0.78 V, but it was only about 0.64 V).
2. Even though the amount of discharge is lower than that for the compound with a higher composition of Li (e.g., LiSn when p < 0.4), such a Li-rich compound is likely to be formed. Therefore, the OCV-RT curves of the Sn electrodes partially lithiated have several plateaus.
3. Most of the experimental OCV values are lower than the ideal values expected purely thermodynamically.
4. The cell voltage is in principle supposed to be constant in the two-phase region, but the cell voltage decreases with time, i.e., with the infiltration depth of Li.
5. Sn nanoparticles exhibit the OCV values very close to the ideal thermodynamic values, and it is considered that the strain energy in nanoparticles can be released relatively easier than in bulk Sn cathode.
6. Li can hardly infiltrate into Sn embedded in the elastically and plastically hard Cu matrix.
7. The squeezed Li anode delivers a higher OCV value than the normal Li anode without strain.
These experimental results can be explained by considering the effects of the elastic-strain energy to the Gibbs free energy of formation. The volume dilatation in the lithiation process basically lower the reduction potential of Li, which will work for the enlargement of the electromotive force of the lithium-ion batteries, although the kinetics itself is retarded. Thus, the elastic strain caused by the formation of Li compounds accompanying volume changes considerably strongly affects the value of electrode potential and dominates their formation kinetics. Namely, we should pay attention to the fact that the cell voltage and kinetics come to be significantly discrepant from one simply estimated by a chemical thermodynamics only. This strain effects may be one of the policies to make the cell voltage higher even in the lithium ion batteries currently used. . The schematic inset qualitatively shows that the strain energy increases as the formation site (i.e., the phase front) goes into the inner side. 
The OCV-RT curves measured for the Sn thin films with 50 nm and 100 nm thicknesses (the depossited area is 9 mm × 9 mm in the both cases) on Cu substrates prepared by the sputtering method. The FE-SEM micrographs are also shown, from which almost nanoparticles are formed on the substrate in both cases. The OCV behavior that is going to increase over 0.8 V may be caused by the reaction with the Cu substrate or Sn-Cu compound which seems to be formed near the substrate surface. 
